The amino acid sequences of both domains contain most of the residues thought to be required for substrate binding found in the horseshoe crab Limulus AK, a well studied system for which several X-ray crystal structures exist. However, two highly conserved residues, D62 and R193, that form a salt bridge thereby stabilizing the substrate bound 
Introduction
Arginine kinase (AK) is one of the phosphagen kinases (guanidino kinases) which catalyzes the reversible transfer of the phosphoryl group of ATP to the naturally occurring guanidino compound, arginine. The phosphorylated high-energy guanidine is referred to as a phosphagen. Members of this enzyme family play a key role in animals as ATP buffering systems in cells that display high and variable rates of ATP turnover [Kenyon and Reed, 1983; Wyss et al., 1992; Ellington, 2001] . AK is most widely distributed among organisms; its activity has been observed in arthropods, molluscs, nematoda, cnidarians, poriferae (the most ancient multi-cellular organisms), protozoans (ciliates, Trypanosoma and choanoflagellates) and bacteria [Watts and Bannister, 1970; Noguchi et al., 2001; Pereira et al., 2000; Uda et al., 2006; Conejo et al., 2008; Andrews et al., 2008] , indicating an ancient origin of AK. Most AKs are monomers with a relative molecular mass of approximately 40 kDa [Morrison, 1973] .
From the standpoint of evolutionary history, phosphagen kinases can be divided into two superclusters. The first cluster (CK: creatine kinase cluster) A CK (creatine kinase) cluster including CK, glycocyamine kinase, taurocyamine kinase and lombricine kinase. In addition, deuterostome AKs and a unique AK from the polychaete Sabellastarte are part of this supercluster and appear to have evolved from an ancestral mitochondrial CK-like gene Tanaka et al., 2007] . The second super cluster consists of typical AKs distributed widely in animals and protozoans, and of a hypotaurocyamine kinase of sipunculids [Uda et al., 2006; Uda et al., 2005] . In contrast to the relatively conserved exon/intron organization in the genes of the CK cluster Tanaka et al., 2007] , those of the AK cluster seem to be highly divergent, suggesting that a frequent loss or gain of introns has occurred during the course of AK evolution [Uda et al., 2006] . It should be noted that during the course of AK evolution, unusual 80 kDa AKs evolved independently four times -in protozoa, cnidarians, plathyhelminths and heterodont clams. These enzymes have a two-domain structure, and are believed to result from gene duplication and subsequent fusion. In effect, these AKs are "contiguous" dimers.
An 80 kDa AK enzyme was first isolated from the primitive sea anemone Anthopleura japonicus, and the cDNA-derived amino acid sequence clearly showed that it has a two-domain structure ("contiguous" dimer) [Suzuki et al., 1997] . Subsequently, the same type of two-domain AKs was isolated in the heterodont clams Pseudocardium [Suzuki et al., 1998 ], Corbicula and Solen [Suzuki et al., 2002] as well as Ensis [Compaan and Ellington, 2003] .
With respect to the enzymatic properties of the clam two-domain AKs, there is some controversy as to whether both domains have catalytic ability or not. From the kinetic measurements of recombinant Corbicula two-domain AK and its separated domain 2, Suzuki et al. (2003) assumed that both domains have a distinct AK activity.
This was supported by the observation that most of the residues responsible for substrate binding have been conserved in both domains. However, the failure to obtain a soluble domain 1 enzyme made this proposal uncertain. Compaan and Ellington (2003) expressed NusA-His tagged domain 1 and 2 of the two-domain Ensis AK, refolded its domain 1, and showed that the domain 1 has no AK activity. Thus, they concluded that only the domain 2 functions as AK. However, in the Ensis enzyme, too, most of the substrate-binding residues have been conserved in both domains, like in Corbicula AK.
In the present study, we have determined the cDNA sequence of the two-domain AK from the deep-sea heterodont clam Calyptogena kaikoi, and cloned it into the plasmid pMAL. In order to clarify the catalytic ability of the two domains, we prepared the two-domain enzyme (wild-type), its separated domains 1 and 2, and mutated enzymes (Y68A) in either one or both domains 1 or 2, and determined their kinetic parameters. Our results suggest that both domains of Calyptogena AK are catalytically competent, although domain 2 strongly influences catalysis in domain 1.
Materials and Methods

cDNA amplification, sequence determination and cloning of Calyptogena kaikoi AK
The single stranded cDNA, which had been synthesized in our previous work (the mRNA origin: adductor muscle of C. kaikoi) [Suzuki et al., 2000b] , was used as a template for PCR. The 3'-half of the cDNA of C. kaikoi AK was amplified using the oligo-dT primer and a 256-fold universal primer (5'-GTNTGGGTNAAYGARGARGAYCA) designed from the highly conserved sequences of phosphagen kinases [Suzuki and Furukohri, 1994] . Ex Taq DNA polymerase (Takara, Kyoto, Japan) was used as amplifying enzyme. PCR amplification was performed for 30 cycles, each consisting of 30 sec at 94 o C for denaturation, 30 sec at 60 o C for annealing and 2 min at 72 o C for primer extension. The amplified products (~900 bp)
were purified by agarose gel electrophoresis and subcloned into the pGEM-T Easy Vector (Promega, WI, USA). Nucleotide sequence was determined with an ABI PRISM 3100-Avant DNA sequencer using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA).
A poly (G) + tail was added to the 3' end of the single-stranded cDNA with terminal deoxynucleotidyl transferase (Promega, WI, USA). The 5'-half of the C. kaikoi AK cDNA was then amplified using the oligo-dC primer (5'-GAATTC 18 -3') and a specific primer (5'-TGTACACCTCGCCAAGGTC-3' or 5'-ACAGCTTCCCATTCAGTGAGACC-3') designed from the sequence of the 3' region.
The amplified products (~1800 bp) were subcloned and sequenced. [Suzuki et al., 2003] , were used as templates of the mutagenesis. The
Corbicula two-domain AK construct was used for comparative purposes.
Tyrosine 68 in Limulus AK plays a major role in arginine binding in the catalytic pocket (Zhou et al., 1998) . To probe aspects of catalysis in the "contiguous" dimers, the Y68 equivalent residues in both Calyptogena and Corbicula AKs were mutated to alanine. PCR based mutagenesis was performed as described previously [Suzuki et al., 2000a] KOD + DNA polymerase (TOYOBO, Tokyo, Japan) was used as the amplifying enzyme.
The PCR products (8000 bp or 9000 bp) were purified by agarose gel electrophoresis.
After blunting and kination, the DNA was self-ligated. The cDNA insert was completely sequenced to confirm that only the intended mutations were introduced.
Protein expression
The recombinant enzymes were expressed as MBP-enzyme fusion proteins in E. coli TB-1 cells by induction with 0.1 mM IPTG at 18°C for 36 hr. The cells were resuspended in 2 ml of MBP column buffer (50 mM Tris, 0.2 M NaCl, 1 mM EDTA, and 10 mM 2-mercaptoethanol), sonicated, and the soluble protein was extracted. The MBP-tagged enzymes were purified by affinity chromatography using amylose resin (New England Biolabs, MA, USA). The purity of the recombinant enzyme was verified by SDS-PAGE.
Enzyme assays
Enzyme activity was measured with an NADH-linked assay at 25 °C and determined for the forward reaction (phosphagen synthesis) [Morrison, 1973; Ellington, 1989] . The reaction mixture (total 1.0 ml) contained 0. 
Phylogenetic analysis
Forty-five amino acid sequences of AKs and a Homo muscle type CK (outgroup) were aligned using the ClustalW program available on the DDBJ homepage (http://www.ddbj.nig.ac.jp/). The default setting was used for the alignment except that the PAM model was used to construct the distance matrix. Phylogenetic trees were generated using two different approaches -the maximum likelihood method (ML) in the Phylip package v3.65 [Felsenstein, 1989] and the neighbor joining (NJ) method on the DDBJ homepage (http://www.ddbj.nig.ac.jp/). [Suzuki et al., 2003 ].
Results
The full-length
The kinetic parameters for the recombinant wild-type and mutated enzymes were obtained for the forward reaction and are listed in The above kinetic results with respect to the Calyptogena AK can be summarized as follows: (a) when expressed alone, domain 1 displayed minimal activity, (2) when expressed alone, domain 2 had significantly higher activity and catalytic efficiency that the two-domain wild-type AK, (c) when domain 1 was inactivated using the Y68A mutation, activity was ~50% of the wild-type enzyme and (d) when domain 2 was inactivated using the Y68A mutation, activity was retained at ~12% of the wild-type level. The kinetic behavior of the Corbicula constructs showed similarities to the Calyptogena AK, particularly in the retention of significant activity in the 2D[Y68A in D2] mutant as well as in the enhanced catalytic efficiency in the domain 2 when expressed alone.
Discussion
cDNA sequence determination of Calyptogena kaikoi AK and characteristics of its amino acid sequence
Calyptogena kaikoi is a deep-sea clam living in the cold-seep area at a depth of 3761 m of Nankai Trough, Japan. The AK cDNA amplified in this work originates from the adductor muscle of Calyptogena kaikoi [Suzuki et al., 2000b] . So far, the cDNA sequences of bivalve AKs are known for pteriomorphian (Scapharca, Crassostrea, Pecten and Argopecten) and heterodont (Pseudocardium, Corbicula, Solen and Ensis).
The pteriomorphian enzymes are of the typical 40 kDa AK, but they have some unique features in amino acid sequence [Takeuchi et al., 2004] . In contrast, all the known heterodont AKs have an unusual two-domain structure. The homologous exon/intron organization of each domain of the Pseudocardium AK gene and the presence of "bridge-intron" indicate that the two-domain AK resulted from a gene duplication and a subsequent fusion event [Suzuki and Yamamoto, 2000c] . In this study, it was shown that Calyptogena kaikoi, which belongs to the heterodonts but has a habitat is quite different from other heterodonts, also has a two-domain AK consisting of 726 amino acid residues (domain 1, 365 residues; domain 2, 361 residues).
We have aligned the amino acid sequences of the two domains of Calyptogena kaikoi AK in Figure 1 with those of other heterodont two-domain AKs and the Limulus AK. The sequence of Calyptogena domain 1 showed 59% amino acid identity with that of Calyptogena domain 2. However, each domain shows a much higher degree of identity (over 80%) with the corresponding domain of other heterodont AKs. The crystal structure of the substrate-bound, closed state of Limulus AK revealed a variety of residues interacting with the substrates, arginine and ADP, as well as the key residues involved in stabilization towards large conformational changes upon substrate binding [Zhou et al., 1998; Yousef et al., 2003] . Comparison of the amino acid sequence of
Calyptogena AK with that of Limulus AK indicated that most of the residues interacting with the substrates are also conserved in both domains of Calyptogena AK (residues marked by asterisks in Fig. 1 ). However, D62 and R193 in the Limulus sequence, which are conserved in most AK sequences [Suzuki et al., 2000a] and are supposed to play a key role in stabilizing the substrate-bound structure by forming an ion pair, have been replaced by G and N in domain 1 and G and P in domain 2, respectively, in Calyptogena AK (Fig. 1 ). This is a notable feature common to all heterodont two-domain AKs-the In a previous communication, we reported that residues 62 and 193 play the key role in regulating the synergism of substrate binding, and that the replacement of residue 193 substantially increases the K m arg [Fujimoto et al., 2005] . In spite of the unique replacement of these residues in the heterodont two-domain AKs, these AKs show a binding capacity for the substrate arginine comparable to that of typical, 40 kDa
AKs with the D62 and R193 residues. Considering that the two-domain AK lacks the ion pair formed by D62 and R193, we suggest that there exists an alternative mechanism for stabilizing the substrate-bound structure in the heterodont two-domain
AKs.
Phylogenetic relationships with other arginine kinases
A phylogenetic tree was constructed from the amino acid sequences of 44 AKs from Porifera, Cnidaria, Arthropoda and Mollusca by NJ method. A portion of the molluscan AK cluster is shown in Figure 3 . A similar topology was obtained with the ML method (data not shown). The molluscan AK cluster, including four major classes Polyplacophora, Bivalvia, Gastropoda and Cephalopoda, clearly indicates that the heterodont AKs with two-domain structure diverged first. If the AK genes of heterodonts and pteriomorphians in Figure 3 are orthologous, the evolution of Bivalvia appears to be paraphyletic, consistent with recent phylogenetic analyses of 18S or LSU/SSU rRNA sequence [Winnepenninckx et al., 1996; Passamaneck et al., 2004] .
The heterodont AK cluster suggests that gene duplication and fusion occurred at the immediate ancestor of Solen, Corbicula, Ensis, Pseudocardium and Calyptogena. We estimated in the previous paper that the two domains of the heterodont AKs diverged 280 million years before present (MyrBP) [Suzuki et al., 2002] , assuming the Mollusca and Arthropoda diverged about 550 MyrBP.
Are both of the two domains of two-domain AK active? Kinetic analyses of wild-type and mutant enzymes using Calyptogena kaikoi and Corbicula japonica AKs
It is somewhat controversial whether each of the two domains of heterodont two-domain AK has catalytic ability or not. Suzuki et al. (2002) assumed that both domains will function as AK, mainly based on the observation that most of the substrate-interacting residues are conserved as in Fig. 1 . On the other hand, using Ensis two-domain AK Compaan and Ellington (2003) [WT] suggesting that the mutation affects not only the target position but also the overall three-dimensional structure of the enzyme, or that some domain-domain interaction has been generated when taking a two-domain structure. Similar subunit-subunit interaction has been reported for dimeric CK [Hornemann et al., 2000] . In addition, Hoffman et al. (2008) produced seven different constructs of a "contiguous" trimeric flagellar CK in which all combinations of D1, D2 and D3 domains were inactivated using a reactive C to S mutation. They showed that the domains are non-equivalent in terms of activity and that the extent of activity depends upon which combination of domain (s) Very recently, we have examined the properties of the "contiguous" dimeric AK from the sea anemone Anthopleula japonicus [Tada et al., 2008] . Anthopleula two-domain and Calyptogena two-domain AKs are enzymes which evolved independently in quite different lineages [Uda et al., 2006] . Tada et al. (2008) were able to express the two-domain wild-type enzyme as well as individual domains 1 and 2.
Both individual domains were shown to be active but the two domains displayed a 
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